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Time-resolved scanning transmission x-ray microscopy (TR-STXM) has been used for the direct
imaging of spin wave dynamics in thin film yttrium iron garnet (YIG) with spatial resolution in
the sub 100 nm range. Application of this x-ray transmission technique to single crystalline garnet
films was achieved by extracting a lamella (13x5x0.185 µm3) of liquid phase epitaxy grown YIG thin
film out of a gadolinium gallium garnet substrate. Spin waves in the sample were measured along
the Damon-Eshbach and backward volume directions of propagation at gigahertz frequencies and
with wavelengths in a range between 100 nm and 10 µm. The results were compared to theoretical
models. Here, the widely used approximate dispersion equation for dipole-exchange spin waves
proved to be insufficient for describing the observed Damon-Eshbach type modes. For achieving an
accurate description, we made use of the full analytical theory taking mode-hybridization effects
into account.
I. INTRODUCTION
Spin waves are collective magnetic excitations in ferro-,
ferri- and antiferromagnetic materials and an active re-
search area in the field of magnetism. Recently, it was
demonstrated that their quanta, magnons, show specific
fundamentals of bosonic behaviour such as Bose Einstein
condensation and super-fluidity1,2. And, even black hole
scenarios have been predicted to occur in magnon gases3.
Besides the fundamental impact of this topic, there has
also been increasing interest in potential applications of
spin waves as information carriers. This has led to the
emergence of the field of magnonics. Compared to elec-
tromagnetic waves, spin-wave wavelengths are smaller
by several orders of magnitude, which fits perfectly to
the lateral dimensions of 10 nm − 1 µm achievable by
modern nanotechnology. Spin waves excellently cover
the Gigahertz-regime of frequencies, which is common in
today’s communications devices, allowing their creation
and detection via well-developed microwave techniques.
Furthermore, and in contrast to conventional electronics,
spin waves can carry information without power dissipat-
ing charge currents. Therefore spin waves are actively
discussed as high-speed and short-wavelength informa-
tion carriers for novel spintronic/magnonic devices4,5.
Magnetic thin film systems exhibit three basic geome-
tries for lateral spin wave propagation in their spectrum
(c.f. figure 1). For in-plane magnetized films there is the
backward volume (BV) geometry with waves propagating
along the equilibrium magnetization direction, as well as
the Damon-Eshbach (DE) geometry, in which the waves
propagate perpendicular to it. Forward volume waves oc-
cur in films magnetized out-of-plane propagating isotrop-
ically in any direction in the film plane4,6–9. Finally, in
addition to the fundamental modes with a quasi-uniform
amplitude profile over the film thickness, all three ge-
ometries possess higher order thickness modes with am-
plitude profiles in the form of perpendicular standing spin
waves (PSSW) between the two film surfaces10. The rel-
evant energy contributions that determine the dispersion
relations f(k = 2pi/λ) of the spin waves in these geome-
tries are the magnetostatic and exchange interactions,
which dictate the long and short wavelength regimes
respectively10.
The insulating ferrimagnet yttrium iron garnet (YIG)
is one of the most prominent and extensively studied
materials in the field of magnonics due to its exception-
ally low magnetic damping and high spin wave propa-
gation length, making it ideal as a model system11–13
and for possible applications4,7,14–16. Studies become
sparse, however, for wavelengths and spatial features be-
low 250 nm, despite the importance of this regime for
potential nanoscale spintronic devices and the open ques-
tions it holds. Factors such as surface effects, crystal de-
fects, grain sizes or spin diffusion become more influential
on this scale17,18 and can change spin wave behaviour
compared to the well-studied microscale. For example,
an increase in spin wave damping as well as the emer-
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2gence of frequency dependent damping17,18 are expected
at the nanoscale. The main reason for this region be-
ing less well studied lies in its experimental accessibility.
Direct imaging of spin wave dynamics is conventionally
performed by optical techniques like Kerr microscopy19,20
and Brillouin light scattering4,5,21, which are inherently
limited to a maximum spatial resolution of about 250 nm
and the scattering of corresponding wavelengths22, re-
spectively, rendering them unable to access nanoscale
waves and devices. Another commonly used experimen-
tal technique for studying spin waves is all electrical spin-
wave spectroscopy using vector network analyzers23,24.
While this method is not limited by the wavelength, it
does not allow for a direct imaging of spin waves. It
also needs comparably large samples to achieve sufficient
signal to noise ratio25, limiting its access to nanoscale de-
vices. Thus, from both a fundamental and applications
perspective there is a clear need for the spatially resolved
detection of sub-250 nm spin waves.
Time-resolved scanning transmission x-ray microscopy
(TR-STXM) is a technique that is able to meet these
requirements26–28. Magnetic phenomena can be rou-
tinely studied with spatial and stroboscopic temporal res-
olutions down to 20 nm and 50 ps respectively. Spin
waves in metallic samples prepared as thin films on x-ray
transparent silicon nitride (SiN) membranes have already
been imaged successfully29–33. But the lack of x-ray
transparency in the bulk substrates of single-crystalline
systems like YIG films on gadolinium gallium garnet
(GGG) requires an appropriate thinning route for STXM
investigations34,35. Therefore in the present work a thin
sheet of YIG of the order of 185 nm thickness has been
sliced out of a YIG thin film and its GGG substrate. The
lamella was subsequently put onto an x-ray transparent
SiN membrane (cf. section II). We present TR-STXM
measurements in YIG, which provide a new view on the
rich and complex scenario of the spin wave characteris-
tics, their interactions and coexistence in the nm range of
this pivotal model system for design and understanding
of future magnonic/spintronic applications.
II. METHODS
A YIG film of 185 nm thickness was grown by liquid
phase epitaxy (LPE) on (111)-oriented GGG36. Ferro-
magnetic resonance measurements showed a saturation
magnetization of MS = (143 ± 2) kA/m and a Gilbert
damping coefficient of α = 1.3 · 10−4, which both agree
well with typical values for YIG films in literature4,36–38.
The film was subsequently processed using a "FEI Dual
Beam System Helios NanoLab 460F1" focused ion beam
(FIB). A dedicated Ga+ ion milling routine39 resulted in
a lamella of 13x5x0.185 µm3 of YIG with less then 150
nm GGG attached to it. Afterwards, an "Omniprobe"
micromanipulator was used to transfer the lamella to a
standard SiN membrane, where it was centered on a cop-
per microstrip antenna (2 µm width and 200 nm thick-
ness) and fixated with carbon. The copper microstrip
was fabricated prior to the fixation of the lamella by a
combination of electron beam lithography, thermal cop-
per evaporation and lift-off processing.
Measurements have been carried out at the MAXY-
MUS end station located at the UE46-PGM2 beam
line at the BESSY II synchrotron radiation facility of
Helmholtz-Zentrum Berlin. Circularly polarized x-rays
were focused to 20 nm by a Fresnel zone plate. The
X-ray magnetic circular dichroism (XMCD) effect40 was
used as magnetic contrast mechanism for imaging. For
the x-ray energy the iron L3-absorption edge was chosen,
where the maximum magnetic signal fidelity was found
at (708± 0.3) eV as a balance between XMCD strength
and transmitted intensity41. The sample was mounted
in normal incidence geometry, sensitive to the out-of-
plane magnetization component. A quadrupole perma-
nent magnet system provided an in-plane magnetic bias
field in the range of ±250 mT27. Spin waves were excited
by the magnetic field of an RF-current flowing through
the copper stripline (cf. figure 2).
Time-resolution has been achieved by using a strobo-
scopic pump-and-probe technique that reaches a reso-
lution of around 50 ps during the synchrotron’s regu-
lar multibunch mode operation28. The raw movies from
TR-STXM were normalized to enhance the dynamics.
A pixel-wise fast Fourier transform (FFT) in the time-
domain was subsequently used to obtain the local spin
wave amplitude and phase42,43, which were then used to
visualize the waves in HSV (hue, saturation, value) color
space (c.f. figure 2). A two-dimensional FFT in space
was utilized to determine the corresponding wave vec-
tors. See also the paper of Groß et al.33 for more details
on this.
III. RESULTS
A. Experimental results
As a first step a continuous RF-current in the fre-
quency range of 1.4 to 3.0 GHz was used for excitation.
Figure 2 shows the sample architecture and images of
dynamics measured at different frequencies with an ex-
ternal magnetic field of µ0Hext = 25 mT applied parallel
to the stripline. The picture on the left in the upper
row shows the raw x-ray intensity image of the lamella.
Next to it are the frames from a time-resolved normal-
ized movie at 1.6 GHz excitation frequency arranged in
a time series. The frames show dynamic changes in the
normal magnetization component as gray scale contrast.
The vertical wavefronts of the BV type waves can clearly
be seen, as well as their horizontal propagation between
the time frames. From such movies, the visual represen-
tation shown in the images in the lower row have been
obtained, showing the color coded Fourier amplitude and
phase at each pixel (c.f. section II). As expected for spin
waves in a thin film, a transition from wave front orienta-
3tion normal to the external field (BV geometry) towards
orientation parallel to the external field (DE geometry)
can be observed when the frequency is raised10. As is ap-
parent in the first image (1.4 GHz) of the sequence, for
the lowest frequencies the spin waves were confined to the
sample edges due to the locally reduced effective field be-
cause of demagnetization effects as previously described
in literature44–46. The area of confinement extended from
the edges to between 0.64 and 1.2 µm into the sample.
In the second image (1.6 GHz), which corresponds to the
time series above, two coexisting BV waves of different
wavelengths (λ1 = 1.9 µm and λ2 = 0.37 µm) are visible.
Likewise, in the last two images (2.5 and 2.7 GHz respec-
tively), where the waves are fully in DE orientation, two
DE modes of different wavelengths appear, coexisting at
the same frequency (at f = 2.7 GHz: λ1 = 2.8 µm and
λ2 = 0.53 µm).
In a second step, excitation was changed from con-
tinuous sine wave to short bursts (cf. figure 3, upper
part). These bursts excited a broad spectrum of frequen-
cies and, thus, a multitude of spin wave modes simultane-
ously (one normalized movie is attached as supplemental
material). The center frequency of f = 2 GHz was cho-
sen corresponding to the previously identified modes and
thereby to cover a rich spin wave spectrum. The length
of the burst was set to one sine period, or τ = 480 ps,
while the downtime to the next burst was set to 31 sine
periods, or approximately τ ′ = 15 ns. Single frequency
components were isolated by a Fourier transform and, as
previously, visualized in figure 3. The behavior is very
similar to the continuous wave experiments shown in fig-
ure 2, especially for the direct comparison with the series
in the middle row measured at the same field strength
(µ0Hext = 25 mT). A transition from the BV to the
DE propagation geometry at higher frequencies can be
seen at all three magnetic bias field strengths. In agree-
ment with theory4,6, the spin wave spectra, and hence
the transition point, shift towards higher frequencies for
increasing external fields.
As the antenna was oriented for DE geometry excita-
tion, its field is unlikely to be the primary source of the
non-DE modes in the lamella. This point is reinforced by
the observation, that those waves do not originate in the
antenna’s vicinity and rather from the lamella’s edges,
making reflections and the aforementioned edge demag-
netization fields the probable causes. Especially for the
BV geometry waves the observed transition from edge
confined modes to sample-wide BV modes hints at the
edge fields as source. The aforementioned secondary DE
mode (short wavelength) also appears to originate from
the upper and lower sample edge rather than from the
antenna region.
B. Analytical theory
To identify the specific spin waves that have been mea-
sured, their dispersion f(k), where f is the frequency and
k is the magnitude of the wavevector k, was determined
by a two-dimensional FFT (cf. section II). The focus was
put on the two dominant wave orientations, namely the
BV geometry (θ = 0◦) and the DE geometry (θ = 90◦),
with θ being the angle between k and the equilibrium
magnetization. Pairs of f and k were accordingly sorted
by their θ-values and compared to analytical models of
basic spin wave modes in thin YIG films. A model for
spin waves in a thin ferromagnetic layer can be found in
the work of Kalinikos and Slavin10, taking the following
approach.
An isotropic ferromagnetic film is considered, that is
laterally infinite and of finite thickness d along the z axis
(z ∈ [−d/2, d/2]). The film is magnetized in-plane by
a magnetic bias field. A plane spin wave with a non-
uniform vector amplitude m(z) is assumed to propagate
in the film plane in the arbitrary ζ direction:
m(z, ζ, t) =m(z)exp [i(ωt− kζ)] (1)
where t is time and ω = 2pif . The amplitude m(z)
is then expanded into an infinite series of complete or-
thogonal vector functions. For this, the eigenfunctions
of the second-order exchange differential operator satis-
fying the appropriate exchange boundary conditions, are
chosen. For zero surface anisotropy (unpinned surface
spins), which will be assumed from here on, this gives:
m(z) ∝
∑
n
mncos
[
κn(z +
d
2
)
]
(2)
where κn = npid , n ∈ N0, represents a standing wave com-
ponent perpendicular to the film plane. Using equation
2, the following infinite system of algebraic equations can
be obtained from the well-known Landau-Lifshitz equa-
tion of motion:
− i ω
ωM
mn =
∑
n′
Wˆnn′mn′ (3)
where ωM = γMS , γ the gyromagnetic ratio and MS
is the saturation magnetization. This corresponds to
equation (22) in the source paper10, where details on the
square matrix Wˆ can also be found. The eigenvalues of
this system give the frequency of the in-plane propagat-
ing spin wave modes of the film. The mode order n here
represents a standing spin wave component along the film
thickness given by κn. For k = 0 the mode coincides with
the n-th order PSSW. This results in the amplitude pro-
file m(z) having n nodes along the film thickness. If only
the diagonal parts (n = n′) of Wˆ are considered, which
means that interactions between modes of different or-
ders are neglected, an approximate dispersion equation
can be explicitly formulated10:
4fn =
γµ0
2pi
{(
H +
2A
µ0MS
K2
)
×
×
(
H +
2A
µ0MS
K2 +MSFnn
)}1/2
(4)
withK2 = k2+κ2n and the element of the dipole-dipole
matrix:
Fnn = 1− Pnncos2θ + Pnn(1− Pnn)sin2θ MS
H + 2Aµ0MSK
2
(5)
where H is the magnitude of the magnetic field, µ0
the vacuum permeability, A the exchange constant and
θ the angle between the magnetization and k. For the
fundamental zero-order mode (uniform thickness profile,
no PSSW-component) P00 = 1 − 1−e−kdkd (see appendix
of the original paper10). The zero-order equation gives
the dispersions of the fundamental DE and BV modes at
θ = 90◦ and θ = 0◦, respectively47.
C. Comparing theory and experimental data
In figure 4 the spin wave dispersion relation as de-
duced from the experimental data of both continuous
wave and burst excitations for µ0Hext = 25 mT is shown.
As figure 2 and 3 already suggested, it is not possible
to distinguish between the dispersions measured for the
two different excitation schemes, as the two data sets
almost perfectly overlap. In a first step the correspond-
ing theoretical dispersion curves based on the approxi-
mate equation (4) were calculated (MS given in section
II, A = 0.36 · 10−11 J/m48) and plotted in figure 4 as
dashed lines. The θ = 0◦-waves fit very well with the cal-
culated fundamental BV dispersion curve (dashed black
line). The influence of the exchange interaction becomes
clear by means of the curve changing to a positive slope
beyond k ≈ 1 · 107 rad/m (compare to exchange free
curves in Ref.4,6). This also explains the two coexisting
BV waves mentioned in figure 2, as they originate from
the branches of the curve left and right of the apex re-
spectively. Thus, it appears that equation (4) is a valid
approximation for BV waves in this sample, at least in
the wavelength range covered here. There seems to be
no significant hybridization with higher order BV modes
and or influence of the confined sample geometry besides
them originating from the lateral edges. The edge modes,
shown by the green dots, come close to the BV dispersion
with a downward frequency shift of about 200 MHz. In
order to explain this difference through edge demagneti-
zation effects, a reduction of the effective field to about
15 mT would be necessary. According to micromagnetic
simulations of the lamella’s demagnetizing field this is a
reasonable value at the edges.
The θ = 90◦-waves on the other hand appear to belong
to two separate dispersion branches that coexist in the
area between f = 2.5 to 2.9 GHz. As mentioned earlier
(cf. figure 2) two modes at θ = 90◦ can be seen simulta-
neously in the last images (f ≥ 2.5 GHz), which already
hints at this behaviour. While the analytically approxi-
mated fundamental DE dispersion (dashed red line) fits
the longer wavelength mode, the shorter wavelength one
has to belong to a different spin wave mode featuring the
same propagation direction. Obvious candidates for this
are DE modes of higher orders. The dashed blue line
in figure 4 represents the diagonal approximation for the
first order thickness mode (n = 1) by equation (4). It
is apparent that this approximation, i.e. neglecting hy-
bridization between different mode orders, is insufficient
to describe the DE first order thickness mode in this par-
ticular system.
Thus, in a second step, numerical calculations of the
zero and first order DE dispersions have been carried out
using the more accurate equation system (3) and consid-
ering the non-diagonal terms n 6= n′ of the matrix. The
results are shown as solid lines (red and blue) in figure
4 and they notably diverge from the dashed analytical
curves, while they agree very well with the experimental
data. This strongly suggests that the two modes indeed
hybridize. A closer look to the modes’ crossing point (in-
set in figure 4) supports this, as the presence of hybridiza-
tion effects results in a band splitting. However, compar-
ing the dashed and solid curves, it can be seen that the
influence of the modes’ mutual interaction reaches well
beyond the crossing point. This agrees with observations
made previously in 80 to 100 nm thick permalloy films29.
Due to this, even the dispersion of the fundamental DE
wave clearly diverges from the approximation of equation
(4) below wavelengths of 600 nm. This stresses the im-
portance of using the extended calculation when going
below 1 µm wavelength.
D. Micromagnetic simulation
Finally, a micromagnetic simulation was carried out us-
ing the "MuMax 3" software developed by Vansteenkiste
et al.49. For the simulation, the same material param-
eters as for the dispersion calculations were used, and
external field of µ0H = 25mT was considered together
with an RF-burst excitation similar to the experimental
one with a field amplitude of 3 mT. Figure 5 shows di-
rect comparisons of Fourier images from simulation and
experiment at two different frequencies. Results for the
dispersion along the main directions θ = 0◦ and θ = 90◦
are depicted in the lower part of figure 5 and show reason-
able agreement with the physical measurements (dots)
and theory accounting for hybridization (dashed lines).
This gives reason to assume that the simulation is a good
representation of the experiment and that the simulation
results beyond the experimentally covered region repre-
sent a viable extrapolation. The agreement of simulation
5and theory in such advanced regions further supports the
theoretical approach taken.
The simulation also highlights another important
point. As figure 5 shows, the dispersion curves in the-
ory and simulation continue beyond the experimentally
observed data range. This is especially apparent for the
DE-waves, which stay well below the wavenumbers mea-
sured in the BV-geometry, that themselves reach a limit
at k ≈ 3 ·10−7 rad/m (λ ≈ 200 nm). Physically, for every
antenna-like spin wave source there is a sharply dimin-
ishing efficiency of excitation for wavelengths below the
source’s width. This limits the wavevectors that can be
excited by the source at a given energy input. Since the
BV-waves are likely excited by the approximately 1µm
wide demagnetization fields on the lateral edges, the limit
for them is lower than for the zero order DE-waves, which
are excited by the 2µm wide copper antenna. Hence the
occurence of much shorter waves in BV-geometry.
IV. CONCLUSIONS
In summary, spin waves of wavelengths down to 200 nm
have been directly imaged in YIG using TR-STXM. For
this, a nearly freestanding lamella was fabricated from
a YIG film by focused ion beam preparation. Spin wave
modes of various directions in the sample plane have been
recorded as a function of frequency and external mag-
netic field. TR-STXM enabled the simultaneous deter-
mination of their spatial properties, like wavefront shape,
propagation direction or confinement to certain regions
(e.g. the edge), and of the waves time domain features.
Dynamics were excited by continuous single frequency
RF-fields as well as by broad band RF-bursts. The ob-
served BV waves agree very well with a simple diagonal
approximation of the analytical expression for the dis-
persion relation10. This approach still held reasonably
for the zero order DE mode up to k ≈ 6 · 10−6 rad/m.
However, a second DE dispersion branch was observed,
leading to the coexistence of two DE modes with strongly
different wavelengths in the frequency range between 2.5
and 2.9 GHz. The diagonal approximation does not
correctly describe the second mode, neither as DE zero
order nor as its first higher order thickness mode. A
more rigorous numerical calculation based on the full set
of equations10 was necessary and provided an excellent
match with the experimental findings. It can be con-
cluded that hybridization between different mode orders
plays a major role in this system for the formation of
spin waves propagating in the DE geometry. Micromag-
netic simulations have been done and fit well with the
experimental data and the calculated dispersions, indi-
cating their potential to predict the observed magnonic
scenario in the system studied. While all analytic calcu-
lations assumed a laterally infinite film, it appears that
the measured wavelengths were sufficiently small com-
pared to the dimensions of the sample to still warrant
this assumption.
The presented work demonstrates that TR-STXM is a
powerful and versatile tool for high resolution imaging of
magnetization dynamics in real space and time domain.
It clearly demonstrates its applicability to YIG thin films,
making these accessible to space and time resolved spin
wave studies beyond optical resolution limits. This opens
up a pathway to directly image nanoscaled spin dynam-
ics in YIG and other single crystalline materials and will
have an important impact for fundamental magnonic re-
search and applications in nano devices.
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6FIG. 1. Overview of the basic spin wave mode geometries in
a magnetic thin film of thickness d. Green arrows symbolize
the magnetization vector M, while the black ones show the
wave vector k.
7FIG. 2. Upper part: Schematics of the sample used for the experiments. Gray: Silicon nitride membrane (Silson Ltd). Red
cuboid: YIG Lamella, dimensions: 13× 5× 0.185 µm3. The magnetic bias field Hext was oriented in the sample plane parallel
to the copper stripline. Lower part: TR-STXM measurements of the sample at µ0Hext = 25 mT and frequencies from 1.4
to 2.7 GHz. Picture (a) in the upper row shows a raw x-ray image of the lamella (dark gray rectangle) and the stripline.
The image series next to it displays the frames of a time-resolved movie at 1.6 GHz, showing the normalized (see section II)
out-of-plane magnetization in arbitrary units. The color images in the lower row have been obtained from such movies by
gaining the local Fourier amplitude and phase (c.f. section II) of each pixel’s time-evolution and visualizing it in the HSV
color space (color code on the upper left). Wave fronts visibly change from backward volume orientation, through diagonal
intermediate states, to Damon-Eshbach direction as the frequency increases. Wave vector directions are indicated in the images
with the corresponding wave lengths λ stated above.
.
8FIG. 3. Top part: RF-burst signal used for excitation of the sample (Duration: 480 ps, repetition time: 15.4 ns, voltage
amplitude: 2V). Main part: Results of burst measurements analogue to figure 2 at three different magnetic bias fields Hext.
Spin waves shift from the backward volume to the Damon-Eshbach propagation geometry as the frequency is raised, the
transition point and general spectrum shifting to higher frequencies at greater field strength.
9FIG. 4. Plot of experimental dispersion data at µ0Hext = 25 mT for both continuous wave experiments (c.f. figure 2) and the
RF-burst experiment (c.f. figure 3). Dots represent measured data sorted by propagation direction of the waves. Black and
green dots show backward volume (BV) propagation (θ = 0◦) with the green dots marking those confined to the sample edges.
The red-blue dots represent Damon-Eshbach(DE) propagation (θ = 90◦). Dashed lines show theoretical dispersion calculated
using the approximate equation 4 (no hybridization). The red and blue lines show the zero and first order DE dispersions,
while the black line stands for the BV mode. The solid lines represent DE dispersion based on numerical calculations according
to equation 3, taking into account the hybridization of modes. The inset shows a magnification of the avoided crossing region
of the two branches.
10
FIG. 5. Upper part: Direct comparison of Fourier images of
the experiment and the micromagnetic simulation at µ0H =
25 mT. Lower part: Heatmap of the spatial Fourier transform
of the simulation for the two main directions θ = 0◦ and
θ = 90◦ with the corresponding experimental data (dots) and
theoretical dispersion relations (dashed lines) for the Damon-
Eshbach modes of order zero and one based on equation 3, as
well as for the backward volume mode based on equation 4.
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